Background/Aims: Nuclear factor erythroid 2-related factor 2 (Nrf2) is a basic leucine-zipper transcription factor essential for cellular responses to oxidative stress. Degradation of Nrf2 in the cytoplasm, mediated by Keap1-Cullin3/RING box1 (Cul3-Rbx1) E3 ubiquitin ligase and the proteasome, is considered the primary pathway controlling the cellular abundance of Nrf2. Although the nucleus has been implicated in the degradation of Nrf2, little information is available on how this compartment participates in degrading Nrf2. Methods: Here, we fused the photoconvertible fluorescent protein Dendra2 to Nrf2 and capitalized on the irreversible change in color (green to red) that occurs when Dendra2 undergoes photoconversion to study degradation of Dendra2-Nrf2 in single live cells. Results: Using this approach, we show that the half-life (t 1/2 ) of Dendra2-Nrf2 in the whole cell, under homeostatic conditions, is 35 min. Inhibition of the proteasome with MG-132 or induction of oxidative stress with tert-butylhydroquinone (tBHQ) extended the half-life of Dendra2-Nrf2 by 6-and 28-fold, respectively. By inhibiting nuclear export using Leptomycin B, we provide direct evidence that degradation of Nrf2 also occurs in the nucleus and involves PML-NBs (Promyelocytic Leukemia-nuclear bodies). We further demonstrate that co-expression of Dendra2-Nrf2 and Crimson-PML-I lacking two PML-I sumoylation sites (K65R and K490R) changed the decay rate of Dendra2-Nrf2 in the nucleus and stabilized the nuclear derived Nrf2 levels in whole cells. Conclusion: Altogether, our findings provide direct evidence for degradation of Nrf2 in the nucleus and suggest that modification of Nrf2 in PML nuclear bodies contributes to its degradation in intact cells.
Introduction
Nuclear factor erythroid 2-related factor 2 (Nrf2) is a basic leucine-zipper transcription factor that is essential for cellular response to oxidative stress [1] [2] [3] . When activated, it binds to the antioxidant response element (ARE) within target gene promoters to regulate basal and inducible expression of hundreds of genes that harbor this element in their promoters [1, 2, 4] . Such genes include those that code for proteins that function in DNA repair processes, the ubiquitin-26S proteasome required for protein degradation, cellular signaling, gene transcription (as transcription factors), chaperoning/heat shock functions, protein trafficking, CNS-specific functions, cellular adhesion, and various aspects of intermediary metabolism [4] [5] [6] [7] [8] .
Decreasing the availability of Nrf2 through degradation is regarded as the primary means of regulating its cellular abundance, and thereby its function. To date, this degradation is understood to be mediated primarily by the Keap1-Cul3-Rbx1 complex which ubiquitylates Nrf2 in the cytoplasm, followed by proteasomal degradation of the ubiquitylated Nrf2 [2, [9] [10] [11] . It is becoming increasingly apparent that Nrf2 can also be degraded via Keap1-independent mechanism(s) [12] [13] [14] . Moreover, it appears that Nrf2 can also be degraded in the nucleus [9, [14] [15] [16] [17] , but little is known about the mechanism(s) and dynamics of this nuclear degradation.
The availability of photoconvertible fluorescent proteins (PCFPs) provide an excellent tool for directly tracking/monitoring the degradation of an individual protein in living cells [18, 19] . With light of specific wavelength and intensity, PCFPs irreversibly change color upon photoconversion [20] . By fusing a PCFP to a candidate protein, it is possible to take advantage of this change in color to track the movement and/or degradation of the candidate protein within cells [19, 21] . The PCFP Dendra2 is green when expressed in cells and changes color irreversibly to red when a laser is applied at 405 or 488 nm [20] .
Until now, directly monitoring degradation of Nrf2 in living cells has not been attempted. Here, we fused Dendra2 to Nrf2 and capitalized on the photoconversion property to investigate degradation of Dendra2-Nrf2 in single live cells via confocal microscopy. Decay of red fluorescence of photoconverted Dendra2-Nrf2 was monitored in real time as a read-out of degradation of Nrf2 in the whole cell and within the nuclear compartment. Using photoconversion of Dendra2 and PyFDAP (Python Fluorescence Decay After Photoconversion) analysis software, this study provides direct evidence that Nrf2 is degraded in the nucleus and underscores the importance of PML-NBs in the regulation of Nrf2-mediated response to oxidative stress.
Materials and Methods

Plasmids
Plasmids expressing the fusion proteins Dendra2-Nrf2 and Crimson-PML-I were constructed using In-fusion HD EcoDry Cloning kit (Clontech Laboratories Inc., Mountain View, CA). Briefly, mouse Nrf2 or human PML-I genes were PCR amplified from their templates (for all online suppl. material, see www. karger.com/doi/ 10.1159/000490033, Suppl. Table S1 ) and cloned in frame with Dendra2 or Crimson in their respective vectors. The purified PCR products and linearized vectors were incubated with In-fusion HD EcoDry reaction mixture according to the manufacture. We also generated a Crimson-PML-I construct in which two PML-I sumoylation sites were mutated (K65R and K490R), herein designated Crimson-PML-I-2KR mutant (Vector Builder, Santa Clara, CA). The resulting Dendra2-Nrf2 and Crimson-PML-I constructs were verified by restriction enzyme digestion and by DNA sequencing.
Cell culture and chemicals
HepG2 cells were obtained from Sigma-Aldrich (St. Louis, MO) and cultured in minimum essential medium (MEM) supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, 1 mM sodium pyruvate, 1X MEM nonessential amino acids (Invitrogen), and antibiotics (100 units of penicillin and 100 µg of streptomycin per ml) at 37 °C in 95% air, 5% CO 2 atmosphere, as previously described [22] . Mirus TransIT-X2 transfection reagent was purchased from Mirus Bio (Madison, WI) MIR6000. The following items were purchased from Sigma (St. Louis, MO): Dimethyl Sulphoxide (DMSO) Hybri-Max, D2650; tertbutylhydroquinone (tBHQ), 112941 and Leptomycin B, L2913-5UG. MG-132, BML-P1102-0025; NFKappaB SN50, BML-P600-005 and NF-KappaB SN50M (Mutant), BML-P601-005 were purchased from Enzo Life Sciences (Farmingdale, NY). Geneticin, 11811-031 and Hoechst 33342, R37605 were purchased from Life Technologies (Grand Island, NY).
Western blot analysis
Whole cell lysates were prepared by lysing cells in non-denaturing lysis buffer [Tris-HCl pH 7.5 (20 mM), NaCl (150 mM), EDTA (1 mM), Triton X-100 (1%), sodium orthovanadate (1 mM), DTT (5 mM), PMSF (1 mM), Protease Inhibitor Cocktail (10 µM/ml)]. Equal amounts of protein were separated in 8% SDS gels, transferred to nitrocellulose membranes and immunoblotted using antibodies against the following proteins purchased from Santa Cruz Biotechnology (Santa Cruz, CA): Nrf2 (sc-13032 Lot# 51413) and PML (sc-5621 Lot# C2911). Dendra2 (TA180094 Lot# 1013) and Crimson (TA183017 Lot# 0114) were purchased from Origene Tech. Inc., (Rockville, MD). For densitometric analysis, HO-1 protein was quantified using UN-SCAN-IT software (Silk Scientific, Inc., Orem, UT). The ratio of HO-1 protein to LDH loading control was calculated using the densitometry values. The fold change of HO-1 protein in the presence of tBHQ was normalized to the DMSO control.
Stable transfection of HepG2 cells expressing Dendra2 or Dendra2-Nrf2
HepG2 cells (5 x 10   5 ) were seeded in a 6-well plate and transiently transfected with pDendra2 for 48 h. The cells were then trypsinized and collected in 1X Hank's Balanced Salt Solution (Life Technologies, Grand Island, NY) supplemented with calcium chloride (1 mM), magnesium chloride (0.5 mM) and FBS (0.5%). The cells were subsequently sorted using a BD FACSAria III platform (Vanderbilt University flow cytometry core facility, Nashville, TN) and collected in 2 ml of complete MEM. Two weeks later, the cells were sorted again and grown to confluency in a T-25 flask. HepG2 cells that stably expressed Dendra2 were then harvested and stored in liquid nitrogen. For stable transfection of Dendra2-Nrf2, HepG2 cells (5 x 10 5 ) were seeded in a 6-well plate and transiently transfected with pDendra2-Nrf2. Forty-eight hours later, the cells were treated with Geneticin (200 µg/ml) for 12 days. The concentration of Geneticin was then increased to 500 µg/ml for 18 days and subsequently reduced to 300 µg/ml for the remainder of the selection process. HepG2 cells that stably expressed Dendra2-Nrf2 were then harvested and stored in liquid nitrogen. HepG2 cells (5 x 10   5 ) were seeded onto poly-D-lysine-coated coverslips in 6-well plates in 2 ml of medium and incubated overnight at 37 °C. Some cells were then transfected with expression plasmid(s) indicated in the appropriate figures, using Mirus TransIT-X2 transfection reagent. Twenty-four hours after transfection, the cells were harvested by removing the medium, and rinsing once with 1 ml of 1X phosphate-buffered saline (PBS). The cells were fixed with 500 μl of 3.7% formaldehyde solution for 10 min at room temperature, then washed twice with 1 ml of 1X PBS followed by a 5-min wash with 1 ml of 0.1 M glycine-Tris buffer (pH 7.4), and rinsed with 1 ml of 1× PBS. Next, the cells were incubated in blocking solution (1% bovine serum albumin in PBS containing 1% Triton X-100) for 30 min at room temperature. After removing the blocking solution, the cells were incubated with anti-PML antibody (sc-966, Santa Cruz Biotechnology, Santa Cruz, CA) diluted 1:50 in blocking solution for 1 h at room temperature. The primary antibody was removed by aspiration, and the coverslips were washed three times with PBS (5 min for each wash). Coverslips were then incubated with Alexa Fluor633 goat anti-mouse IgG (Invitrogen) diluted 1:2, 500 in blocking solution for 1 h at room temperature in the dark and then washed and stained for nuclei using a drop of Prolong Gold Antifade with DAPI (Invitrogen) and dried overnight at 4 °C for visualization. PML protein was visualized on a Nikon A1R confocal laser scanning microscope at excitation/emission wavelengths of 640/662-737 nm, respectively.
Immunofluorescence to detect PML protein
Photoconversion of Dendra2 in live cells
HepG2 cells (5 x 10 5 ) were seeded on glass bottom MatTek dishes then transfected with pDendra2, pEGFP-Nrf2 or pDendra2-Nrf2, and visualized 48 h later using a Nikon A1R confocal microscope. Photoconversion was achieved by illuminating the region of interest using a laser at 405 nm wavelength with a power of 100 mW at 100% for 2 sec (whole cell) or 0.5 sec (nucleus). Using a resonant scanner, images were captured in the green (488/505-550 nm) and red (561/570-620 nm) channels every 0.06 seconds. In other experiments a galvanometer scanner was used to capture images every 45 seconds.
Cell viability assay using fluorescent microscopy analysis Non-transfected HepG2 cells (5 x 10 5 ) were plated in glass bottom MatTek dishes and visualized 48 h later. Some cells were demarcated around the cells margin and a 405 nm laser pulse was applied for 2.0 sec to the indicated area, to simulate photoconversion. After 3 h of imaging, using the same experimental settings on the microscope, the cells were labeled with 5X concentration of Live and Dead Cell assay reagent (Abcam-Cat. # ab115347, Lot # GR313559) for 10 minutes and quantitation of cell viability was carried out by fluorescent microscopy. Images were captured in the green (494/515 nm) and red (528/617 nm) channels before and after application of the laser.
Real Time PCR of heme oxygenase-1 in cells expressing Dendra2-Nrf2
HepG2 cells (5 x 10 5 ) were transfected with 2.5 µg of pDendra2 or pDendra2-Nrf2 and grown for 48 h. Some cells were treated with tBHQ (20 µM) for 8 h prior to harvesting the cells. The RNA was purified using the Pure Link RNA mini kit (Thermo Fisher Cat. # 12183018A) and synthesis of first strand cDNA was generated using iScript cDNA synthesis kit (Bio-Rad, Cat. # 1708891). Real time PCR was performed using gene specific Taqman primers for HO-1 and β-actin (Thermo Fisher Cat. # 4453320 Assay ID: Hs01110250_ m1 and Thermo Fisher Cat. # 4331182, Assay ID: Hs01060665_g1) and TaqMan universal PCR master mix in a Bio-Rad CFX96 Real-Time system. Bio-Rad CFX Manager 2.0 software was used for analysis and HO-1 mRNA expression was normalized to β-actin and evaluated using one-way ANOVA from GraphPad Prism 7. The means ± SD was plotted as fold change for each treatment group (n = 5).
Fluorescence tracking and image analysis after photoconversion
All images were captured using a Nikon A1R confocal microscope at excitation/emission wavelengths of 405/425-475 nm (for photoconversion and Hoechst nuclear stain), 488/505-550 nm for the green channel (Dendra2 before photoconversion and to visualize GFP-PML-I), 561/570-620 nm for the red channel (Dendra2 after photoconversion) and 640/662-737 nm for the far-red channel (Crimson-PML-I and Crimson-PML-I-2KR). We measured the maximum energy output during photoconversion using the X-cite XR2100 Power meter. The range of power output during photoconversion of the 405 nm laser was 12.2-62.7 μW. We calculated the power/pixel = 1.49 nW/px using the maximum power detected. Fluorescence intensities were measured in specified regions of interest using the ROI editor in NIS Elements Advanced Research 4.0 microscope imaging software. Quantitative data was exported into Microsoft Excel.
Background fluorescence intensity values in the red channel of non-transfected HepG2 cells were obtained using the same camera settings and set-up. These were subtracted from the raw fluorescence intensities in the red channel of cells expressing Dendra2 or Dendra2-Nrf2 during the course of the experiment. The average fluorescence intensity in the red channel before photoconversion was calculated. The post-photoconversion values were normalized to the pre-photoconversion values. To eliminate the initial fluctuations in fluorescence, normalized values at 5 minutes post-photoconversion were set to 100 and the subsequent fluorescence intensities were normalized to this value. The relative fluorescence intensity was plotted over time and displayed graphically using GraphPad Prism 7 one-phase decay. The average decay rate constants and half-lives were calculated using PyFDAP v1.1.2 software as previously reported [23, 24] with minor modifications. Briefly, the normalized post-photoconversion fluorescence intensity values were imported into PyFDAP v1.1.2 as a .csv file. The "noise" value was determined to be 40 by taking images using the same parameters and set-up in the absence of a culture dish. The data was plotted using a "fit" of the average decay pattern from the individual cells. The mathematical equations used to derive the decay parameters are: c(t) = c 0 e− kt +y 0 where c(t) is the concentration of a molecule at time t, c (0) = c 0 is the concentration at time t = 0, and y 0 is the baseline fluorescence intensity to which the population of decaying molecules converge and k = decay rate. From k we computed the half-life τ using the equation τ = ln(2)/ k [23, 24] .
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Results
Assessment of expression and photoconversion of Dendra2-Nrf2 in HepG2 cells
To use the photoconversion property of Dendra2 to study the dynamics of Nrf2 in live cells, HepG2 cells were transiently transfected with plasmids expressing Dendra2 or Dendra2-Nrf2. The expression of Dendra2-Nrf2 was detected by western blot analysis using either anti-Nrf2 antibody (Fig. 1A, left panel) or anti-Dendra2 antibody (Fig. 1A , right panel). To demonstrate photoconversion, a 405 nm laser (0.5 sec) was applied to HepG2 cells expressing Dendra2, GFP-Nrf2 or Dendra2-Nrf2. In Fig. 1B photoconversion of HepG2 cells expressing either Dendra2 (top row) or Dendra2-Nrf2 (bottom row) exhibited a change in color from green to red while photoconversion of cells expressing GFP-Nrf2 (middle row) did not result in a similar change in color because GFP is not a natural photoconvertible fluorescent protein [20] . In a similar experiment, arbitrarily selected regions (white circles, top row) within HepG2 cells expressing Dendra2, GFP-Nrf2 or Dendra2-Nrf2 were photoconverted and monitored over time. The real-time change in color and rapid redistribution of photoconverted Dendra2 (left column) or Dendra2-Nrf2 (right column) away from the indicated regions is illustrated in Fig. 1C . As expected, application of the 405 nm laser to HepG2 cells expressing GFP-Nrf2 did not result in any change in color. Green and red fluorescence intensities, normalized to pre-photoconversion values, at the point of application of the laser (1C, white circles, top row) were quantified and displayed were transfected with 1 µg of pDendra2 (top row), pGFP-Nrf2 (middle row) or pDendra2-Nrf2 (bottom row) in glass bottom MatTek dishes and visualized 48 h later. Photoconversion was performed by applying a 405-nm laser for 0.5 sec to an arbitrary region within the cell; images were acquired directly after photoconversion. C, Demonstration of the process of photoconversion in real time. HepG2 cells expressing Dendra2 (left column), GFP-Nrf2 (middle column) or Dendra2-Nrf2 (right column) were cultured and photoconverted as in B in the indicated regions (white circles, top row). Shown are merged images from those taken in the green and red channels at the indicated time points. D, Graphic representation of the average fluorescence intensities measured in the green and red channels at the point of photoconversion (measured within the white circles in C, top row) of cells expressing Dendra2, GFP-Nrf2 and Dendra2-Nrf2 (n=12-14 cells per group). Scale bars, 5 µm.
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Cellular Physiology and Biochemistry graphically in Fig. 1D . These data suggest that fusion of Dendra2 to Nrf2 does not impair photoconversion of Dendra2 in HepG2 cells.
Dendra2-Nrf2 functionally mimics native Nrf2
We used two approaches to demonstrate that Dendra2-Nrf2 behaves like native Nrf2. In the first approach, we monitored the effect of Dendra2-Nrf2 on tBHQ-dependent induction of heme oxygenase-1 (HO-1) expression. It is well-established that the electrophile tBHQ activates endogenous Nrf2 [1, 25] , resulting in induction of Nrf2-regulated genes such as HO-1. HepG2 cells transiently expressing Dendra2-Nrf2 followed by an 8 h treatment with tBHQ resulted in induction of mRNA encoding HO-1 ( Fig. 2A) and protein (Fig. 2B ) consistent with the expected action of tBHQ on Nrf2-regulated genes [1] .
In the second approach, we treated HepG2 cells stably expressing Dendra2-Nrf2 with SN50, a cell-penetrating synthetic peptide to block nuclear translocation of Nrf2 [22] . Consistent with previous reports on the inhibition of nuclear transport of other stressresponsive transcription factors such as NF-κB (nuclear factor kappa-light-chain-enhancer of activated B cells), NFAT (nuclear factor of activated T-cells), AP-1(activator protein 1) and ) were transfected with 2.5 µg of pDendra2 or pDendra2-Nrf2 and grown for 48 h. The cells were then treated with tBHQ (20 µM) for 8 h. Total mRNA and whole cell lysates were processed for RT-PCR and western blot analyses, respectively. A, HO-1 mRNA expression was normalized to β-actin and evaluated using one-way Anova from GraphPad Prism 7. The mean ± SD was plotted as fold change for each treatment group (n = 5). **p<0.01 B, Densitometric analysis of HO-1 protein expression. Bars represent relative HO-1 expression (mean ± SD, n = 6) normalized to LDH loading control and relative to DMSO control. C-D, SN50 inhibits tBHQ-induced translocation of Dendra2-Nrf2 into the nucleus. C, HepG2 cells (5 x 10 5 ) stably expressing Dendra2-Nrf2 were grown for 48 h. Cells were then pre-treated with either SN50 (50 µM) or SN50M (50 µM) for 1 h followed by treatment with tBHQ (20 µM) for 1 h. Hoechst 33342 stain was added to the culture dish to visualize the nucleus (405 nm channel-colored orange). D, the expression of Dendra2-Nrf2 (green fluorescence intensity) in the nucleus was plotted for each group (n = 15-17 cells per group) and evaluated using one-way Anova from GraphPad Prism 7. ***p<0.001. Scale bars, 5 μm.
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Cellular Physiology and Biochemistry STAT1 (signal transducer and activator of transcription 1) [26] [27] [28] [29] , SN50 blocked tBHQinduced nuclear accumulation of Dendra2-Nrf2 (Fig. 2C , compare columns 2 and 3). The scrambled peptide SN50M (which penetrates cells but does not interfere with nuclear translocation of Nrf2) had no effect. Quantification of the imaging data is shown in Fig. 2D . Together, the data in Fig. 2 suggest that fusion of Dendra2 to Nrf2 did not interfere with nuclear translocation or transcriptional activity of Nrf2 in response to oxidative stress.
Use of photoconversion of Dendra2-Nrf2 to monitor degradation of Nrf2 in whole cells
Green fluorescence exhibited by Dendra2 or Dendra2-Nrf2 reflects steady-state levels of these proteins whereas red fluorescence represents previously synthesized protein that has undergone irreversible photoconversion. Therefore, monitoring decay of red fluorescence over time provides real-time measurements of degradation of Nrf2 in living cells as opposed to reagents that block global protein synthesis, such as cycloheximide, which interferes with other cellular processes.
To determine the impact of photoconversion on cell viability, we simulated photoconversion by applying a 405 nm laser for 2.0 sec to an area encircling non-transfected HepG2 cells and measured the percentage of viable cells (see online suppl. material, Fig.  S1 ). More than 58% of cells remained alive 3 h after photoconversion at the maximum setting. With the exception of Fig. 3 , all photoconversion experiments were performed using sub-maximal exposure times to the 405 nm laser (0.5 sec). Using the same parameters, we photoconverted single cells expressing Dendra2-Nrf2 (Fig. 3A) or Dendra2 (Fig. 3C ) and show representative images depicting changes in green (non-photoconverted) and red (photoconverted) fluorescence intensities over the duration of the experiment. Only cells that retained their initial morphology, indicative of live cells, were used in quantitative analyses.
To quantify the change in red fluorescence after photoconversion, the average red fluorescence intensities were plotted over time with error bars representing the standard (Fig. 3B) or Dendra2 (Fig. 3D) . Under basal conditions, the t 1/2 of Dendra2-Nrf2 was 35 minutes, consistent with previous reports [11, 12, 30, 31] . However, treatment of cells with tBHQ to induce stress conditions led to stabilization of Nrf2 and the t 1/2 was dramatically extended by > 28 fold or 1, 006 minutes ( Fig. 3B and Table 1 ). The decay rate of Dendra2-Nrf2 in the presence of tBHQ was statistically different (p <0.01) from the decay rate under basal conditions (Fig. 4) . To establish that decay of photoconverted Dendra2-Nrf2 represents degradation of Nrf2, HepG2 cells expressing Dendra2-Nrf2 were treated with MG-132 to inhibit proteasome function. This treatment altered the slope of the decay curve and extended the t 1/2 to 231 minutes. This indicates that decay of red fluorescence of Dendra2-Nrf2 occurs via the proteasome and is not a result of inadvertent photobleaching. Under basal conditions, the t 1/2 of Dendra2 alone was 59 minutes. Treatment with tBHQ or MG-132 had little effect on the decay pattern of Dendra2 compared to basal conditions ( Fig. 3D and Fig.4 ). Taken together, these results provide proof that the photoconversion paradigm can be used to measure degradation of Nrf2 in single live cells.
Dendra2-Nrf2 is degraded at a slower rate in the nucleus
We previously showed that Nrf2 translocates into the nucleus in response to pro-oxidant stimuli and contains multiple nuclear localizations signals [22] . Additionally, Nrf2 harbors nuclear export signals [32, 33] allowing Nrf2 to traverse the nuclear membrane. To determine the fate of the nuclear sub-population of Nrf2, without impairing nuclear export, we photoconverted Dendra2-Nrf2 within the nucleus (Fig. 5A , column 1, yellow circle) and tracked the decay of red fluorescence over time. Acknowledging the limitation that Dendra2-Nrf2 can traffic throughout the cell, we measured the decay rate in the nucleus (Fig. 5B ) and the nuclear derived Dendra2-Nrf2 (Table 2) . Under basal conditions, the decay of photoconverted nuclear Dendra2-Nrf2, measured in the nucleus, had a t 1/2 of 66 min while the t 1/2 measured in the whole cell was 80 min. The different half-lives of the nuclear subset of Dendra2-Nrf2 could indicate compartment-specific regulation of degradation of Nrf2. Similar experiments were performed using Dendra2 and the half-life of photoconverted nuclear Dendra2 (see online suppl. material, Fig. S2 and Table S2 ) was comparable to that of Dendra2 photoconverted in the whole cell (Fig. 3) . In order to measure degradation of Nrf2 within the nucleus, HepG2 cells expressing Dendra2-Nrf2 were treated with Leptomycin B, an inhibitor of exportin 1/CRM1 protein, and the nuclear sub-population of Dendra2-Nrf2 was photoconverted (Fig. 5C, column 1 , yellow circle). The majority of red fluorescence was concentrated in the nucleus and decayed over time with a t 1/2 of 54 min (Fig. 5D) . While Leptomycin B blocked a substantial amount of nuclear export, it is possible that other uninhibited karyopherins exported Dendra2-Nrf2 out of the nucleus, resulting in red fluorescence in the cytoplasm. Altogether, these results provide direct evidence that Nrf2 is degraded in the nucleus and signify differential rates of degradation of the nuclear subset of Nrf2 in HepG2 cells.
Assessment of the role of PML nuclear bodies in degrading Dendra2-Nrf2 in the nucleus
We and others have shown that Nrf2 can traffic to PML-NBs [34, 35] , which are nuclear domains that regulate posttranslational modifications of partner proteins ) expressing Dendra2-Nrf2 were seeded on glass bottom MatTek dishes and visualized 48 h later. Prior to photoconversion, cells were pretreated without or with Leptomycin B (10 ng/ml) for 5 h to inhibit nuclear export (A and C). The nucleus was outlined as indicated and photoconverted using a 405 nm laser for 0.5 sec. Time-lapse images for untreated cells (A) and Leptomycin B treated (C) cells were captured every 45 seconds in the green and red channels after photoconversion. Oscillations in the relative fluorescence intensity are an artifact of manual refocusing of the microscope in D, but do not change the average decay pattern of red fluorescence. The average fluorescence decay after photoconversion in the red channel was quantified in the nucleus in the untreated (B) or in the Leptomycin B treated (D) cells and plotted over time as described in Fig. 3 . Scale bars, 5 μm. [36] . These modifications can lead to activation, sequestration or degradation of recruited proteins having profound effects on biological processes such as: transcription, apoptosis, DNA repair, and stem cell self-renewal [36] .
To better understand the role of PML-NBs on the stability of Nrf2 in the nucleus, using the photoconversion paradigm, we established a plasmid expressing Crimson-PML-I fusion protein. Given that a PML specific antibody cannot discriminate the endogenous from the recombinant PML, we opted to colocalize Crimson-PML-I and GFP-PML. The expression of Crimson-PML-I fusion protein was verified by western blot analysis using either anti-PML (Fig. 6A, left panel) or anti-Crimson (Fig. 6A, right panel) antibodies. To validate the utility of Crimson-PML-I, we used immunofluorescence to detect the cellular locale of endogenous PML (Fig. 6B, column 1) compared to Crimson-PML-I (Fig. 6B, column 3) . The endogenous PML and Crimson-PML-I had a similar cellular distribution. Because GFP-PML-I has been demonstrated to co-localize with endogenous PML [37] , we confirmed co-localization of Crimson-PML-I and GFP-PML-I in cells co-transfected with plasmids encoding these fusion proteins (Fig. 6B, column 4) . Regions where fluorescence in the green and far-red channels overlap were confirmed by the graphic display in Fig. 6C and see online suppl. material, Fig.  S3 , suggesting co-localization of these two proteins in PML-NBs.
Next, we co-expressed Crimson-PML-I in cells stably expressing Dendra2-Nrf2 and photoconverted the nucleus to track the decay of red fluorescence in various sub-cellular regions. Fig. 7A illustrates fluorescence of Dendra2-Nrf2 (green, column 1), photoconverted Dendra2-Nrf2 (red, column 2) and Crimson-PML-I (far-red, colored blue, column 3) directly after photoconversion in three distinct cells. Fig. 7A columns 4 and 5 display merged images (overlap of green, red and far-red channels) of cells co-expressing Dendra2-Nrf2 and Crimson-PML-I after photoconversion. Regions where Dendra2-Nrf2 and Crimson-PML-I co-localize can be visualized as purple-colored dots (Fig. 7A column 4) or projections/spikes 
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Cellular Physiology and Biochemistry (Fig. 7A column 5 ) within the nucleus. Up to ten such projections were evident per nucleus, which is consistent with previous studies in fixed cells that showed 5-15 PML-NBs per nucleus [36] [37] [38] [39] [40] . The decay of red fluorescence over time, generated from photoconverted Dendra2-Nrf2 in the nucleus, was measured in the nucleus, PML-NBs, nucleoplasm (regions in the nucleus lacking PML) and in the whole cell. A graphic display of the average red fluorescence intensities over time, measured in the nucleus and PML-NBs, are illustrated in Fig. 7B and C, respectively. The t 1/2 of photoconverted Dendra2-Nrf2, measured in the nucleoplasm, was 34 min while the t 1/2 measured in PML-NBs was 40 min. The t 1/2 of photoconverted Dendra2-Nrf2 measured in the entire nuclear region was 51 min. Given that Nrf2 can traffic out of the nucleus, the decay in red fluorescence could be due to degradation within these defined regions and/or trafficking to other areas within the cell. Analysis of the decay of red fluorescence in the whole cell, revealed a much longer half-life of Dendra2-Nrf2 (t 1/2 137 min) when co-expressed with Crimson-PML-I (Table 2) . Parallel experiments were performed with Dendra2 as a control. The decay of red fluorescence, generated from photoconverted Dendra2 in the nucleus, measured in the nucleus, PML-NBs and whole cell were relatively similar (see online suppl. material, Fig. S4 and Table S2 ). ) stably expressing Dendra2-Nrf2 were transfected with pCrimson-PML-I (1 µg) in glass bottom MatTek dishes and visualized 48 h later. Prior to photoconversion of Dendra2-Nrf2, the nucleus was outlined and photoconverted using a 405 nm laser for 0.5 sec. Time-lapse images were captured in the green (column 1), red (column 2) and farred (column 3) channels after photoconversion. Merged images are shown in columns 4 and 5 to illustrate the cellular distribution of fluorescence within the live intact cells. B and C, the average fluorescence decay, after photoconversion, in the red channel was quantified in the nucleus (B) or in PML-NBs (C) (indicated by the pink dots in the nuclei of A-column 4) and plotted over time (n = 7 cells, 25 PML-NBs). Scale bars, 5 μm.
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Monitoring the effect of SUMO-site mutant PML in degrading Dendra2-Nrf2 in the nucleus PML is sumoylated on three target lysines K65, K160, and K490 [41] . While these SUMO sites are dispensable for nuclear body formation, K160 is also necessary for partner protein recruitment [42] . To allow for partner protein interaction, we created K65R and K490R mutations in the Crimson-PML-I plasmid (Crimson-PML-I-2KR) and monitored degradation of Dendra2-Nrf2 in cells co-expressing the SUMO-site-PML mutant. Under basal conditions, we observed a perinuclear distribution of Crimson-PML-I-2KR with a dramatic reduction in PML-NBs (1-5 per nucleus) (Fig. 8A and 8C column 3) . In order to monitor degradation of Nrf2 without inadvertently altering the stability of Nrf2, we did not induce stress to facilitate PML-NB formation. Upon photoconversion of Dendra2-Nrf2 in the nucleus of cells coexpressing Crimson-PML-I-2KR, we detected a rapid redistribution of red Dendra2-Nrf2 ( Fig  8A, column 2) . Consequently, the average decay of red fluorescence, measured in the nucleus, revealed a t 1/2 of 45 min (Fig 8B) . In contrast, the half-life of photoconverted Dendra2-Nrf2 derived from the nucleus, measured in the whole cell, was dramatically extended to 345 min (Table 2) . Similar experiments using Crimson-PML-I-2KR were performed with Dendra2 as a control (Fig. 8C-D , and see online suppl. material, Table S2 ). Altogether, these data suggest that functional PML-NBs play an important role in regulating the stability of Nrf2. 
Discussion
Nrf2 is a critical transcription factor that regulates hundreds of genes encoding a variety of proteins that function in diverse processes such as antioxidant defense, drug detoxification, cell growth, protein degradation and intermediary metabolism [6, 8, [43] [44] [45] [46] [47] [48] . As a transcription factor, it binds to the ARE to regulate the expression of several genes [1] . The prevailing model for regulating turnover of Nrf2 is that interaction of Nrf2 with the Keap1-Cul3-Rbx1 E3 ubiquitin ligase complex [9] leads to its ubiquitylation and degradation in proteasomes. Although functionally active Nrf2 is located in the nucleus, this Keap1-mediated degradation occurs primarily in the cytoplasm. The mechanism(s) for degrading Nrf2 in the nucleus and the time frame for its down regulation remains unclear. Because somatic mutations in Keap1 or Nrf2 can result in persistently high levels of Nrf2 [49] [50] [51] [52] , understanding regulatory processes that mediate degradation of Nrf2, especially under conditions of oxidative stress, could provide intriguing insight into the control of the cellular abundance of Nrf2. In this study, we developed and validated the use of the fusion protein Dendra2-Nrf2 to measure real-time degradation of Nrf2 in single live cells in the presence and absence of intact PML-NBs. Our data suggest that degradation of Nrf2 in the cytoplasm and nucleus is compartment specific and that intact PML-NBs are essential in the modification and degradation of nuclear Nrf2.
PML-NBs are assembled under conditions of oxidative stress and play a pivotal role in regulating stress-induced post-translational modifications of partner proteins [42] . In the absence of PML, ROS production is enhanced, Nrf2 protein is stabilized and this is accompanied by an increase in transcription of Nrf2-target genes [53] . Although defective mitochondrial activity has been indicated as a contributory factor for Nrf2 stabilization when PML is lacking, other explanations have been previously described. For example, Nrf2 can be degraded in PML-NB containing cell fractions [34] , explaining subsequent stabilization of Nrf2 in the absence of PML. Further, in vivo studies using PML
-/-animals demonstrate a similar increase in Nrf2 regulated genes in liver tissues [54] . The activation of Nrf2 is thought to be an adaptive response when PML is unavailable to modulate p53 activity [54] . These reports are consistent with our findings that PML plays a role in regulating the stability of Nrf2. Using the photoconversion paradigm, we demonstrated that Nrf2 is indeed degraded in the nucleus and the half-life of Nrf2 is not only compartment specific but also dependent on intact PML-NBs. This study also suggests that the rate of degradation of Nrf2 
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Cellular Physiology and Biochemistry in the nucleus may be influenced by the rate of translocation to other cellular compartments. Following inhibition of nuclear export, we observed that the rate of degradation of Dendra2-Nrf2 in the nucleus is similar to that of degradation of Dendra2-Nrf2 in the nucleus of cells co-expressing Crimson-PML-I. However, expression of non-sumoylatable Crimson-PML-I resulted in a shorter half-life of Dendra2-Nrf2 in the nucleus but stabilized nuclear-derived Nrf2 in the whole cell.
Based on these data, we propose that Nrf2 can be recruited to PML-NBs and undergo post-translational modifications that lead to defined fate(s) of Nrf2. For example, sumoylated Nrf2 can be recognized by the SUMO targeted ubiquitin ligase, RNF4, which can facilitate its degradation [34] . However, when PML-NBs are poorly formed, the post-translational imprint on nuclear Nrf2 may be altered or absent and as such prevent Nrf2 from being down-regulated (Fig. 9) .
Interestingly, we found the rate of decay of nuclear Dendra2-Nrf2 to be slower than that of Nrf2 in the whole cell and that some nuclear-derived Nrf2 trafficked to other cellular compartments. The extended t 1/2 of nuclear Dendra2-Nrf2 was more evident in cells expressing Crimson-PML-I and SUMO-site mutant Crimson-PML-I-2KR (Table 2 ). This extended half-life of nuclear Nrf2 may be due to compartment-specific differences in ROS levels, post-translational modifications, and/or nucleo-cytoplasmic trafficking. For example, the redox-insensitive Neh6 domain of Nrf2 contains a phosphodegron that mediates degradation of Nrf2 by the E3 ubiquitin ligase β-TrCP [13, 14, 55] , although the cellular locale remains under investigation. Other modes of repressing Nrf2 have also been described. In 2010, Kang et al [56] . showed that CRIF1 (CR6-interacting factor 1) interacts with Nrf2 and enhanced the ubiquitylation of Nrf2 under conditions of oxidative stress, unlike Keap1. Similarly, Nrf2 was shown to be down regulated in hypoxic conditions by the hypoxia-activated E3 ubiquitin ligase Siah2 (seven in absentia homolog 2) [57] . These alternative modes of down regulating Nrf2 could have an important biological significance, especially in situations where Keap1 is functionally inactive.
While this study offers an innovative approach to monitor degradation of Nrf2 in living cells, it is not without limitations. Although we used HepG2 cells stably expressing Dendra2-Nrf2, the expression level of Dendra2-Nrf2 varied between cells presumably due to variability associated with transfection. The heterogeneous expression of Dendra2-Nrf2 in the selected cell population depicted by differences in the initial green fluorescence led to similar differences in the amount of photoconverted red proteins and accounts for the variations in the standard deviations. Additionally, we observed a redistribution of red nuclear Dendra2-Nrf2 throughout the whole cell, which obscures analysis of degradation solely within the nuclear compartment. However, monitoring decay of red fluorescence throughout the whole cell enabled us to measure the absolute half-life of Dendra2-Nrf2 that was initially photoconverted in the nucleus. Despite these caveats, the photoconversion property of Dendra2 coupled with co-expression of Crimson-PML-I provides a novel tool for studying the dynamics of Nrf2 in bona-fide PML-NBs within the nucleus.
Further studies using Dendra2-Nrf2 sumoylation site mutant(s) could help delineate the role of sumoylation-dependent degradation of Nrf2 in the nucleus and PML-NBs. Additional studies measuring the rate of degradation of Dendra2-Nrf2 under conditions of oxidative stress could also uncover time-dependent changes in the abundance of Nrf2. Using this photoconversion paradigm, it is also possible to measure Keap1-dependent degradation in Keap1 null cells by exogenously expressing Keap1, which may be a subject for further investigation. In conclusion, our findings provide direct evidence for degradation of Nrf2 in the nucleus and suggest that modification of Nrf2 in PML nuclear bodies contributes to its degradation in intact cells.
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